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To understand if the genomic imprinting status of the donor cells is altered during the process of
SCNT (somatic cell nuclear transfer), cloned pigs were produced by SCNT using PEF (porcine embry-
onic ﬁbroblast) and P-PEF (parthenogenetic-PEF) cells as donors. Then, the gene expression and
methylation patterns of H19, IGF2, NNAT and MEST were compared between PEF vs. C-PEF
(cloned-PEF), P-PEF vs. CP-PEF (cloned-P-PEF), respectively. Taken together, the results revealed that
there was no signiﬁcant difference in the expression of imprinted genes and conserved genomic
imprints between the donor and cloned cells.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Somatic-cell nuclear transfer (SCNT) is a useful technique for
the production of embryos in many ﬁelds, such as the development
of animal models, xenotransplantation and embryonic stem cell
research. In this process, the donor cell nucleus is amenable to ade-
quate remodeling and subsequent genetic reprogramming.
Genomic imprinting plays critical roles in the regulation and main-
tenance of parent-speciﬁc allele expression [1], with key roles in
regulating cellular proliferation, growth and development of both
the fetus and placenta. Numerous studies have demonstrated that
animals cloned using SCNT suffered placental defects caused by
incomplete and aberrant epigenetic reprogramming in the genome
of donor cells [2–4]. Furthermore, the expression patterns of
imprinted genes were altered in both the clone and partheno-
genetic embryos [5–7].
Parthenogenetic (PA) embryos contain exclusively maternal
genomes and cannot develop to term in mammals due to the lackof paternal gene expression. Although the developmental defect of
PA embryos in mammals has been noted, the PA model has been
widely used to study expression patterns of imprinted genes, espe-
cially for exploring the establishment of maternal imprinting [8].
Our previous study revealed that abnormal expression of
imprinted genes results in retarded development of porcine PA
and PSCNT fetuses [9]. Other studies also revealed that abnormal
development of cloned and parthenogenetic animals is likely due
to the inappropriate expression of imprinted genes, which is con-
trolled by differentially methylated regions (DMRs) [10,11].
DNA methylation is an epigenetic marker that plays roles in the
regulation and maintenance of the imprinting control region (ICR).
It has also been reported that the establishment or erasure of geno-
mic imprinting is controlled by the methylation or demethylation
of DNA [12,13]. In porcine PA embryos, improper DNA methylation
patterns have been observed in the DMRs of several imprinted
genes, such as H19, IGF2 and XIST, all of which were associated with
developmental failure [14–16].
Cloned animals produced by SCNT are associated with a high
incidence of pregnancy failure, which is often characterized by
abnormal placental and fetal development. These abnormalities
are thought to be due, in part, to incomplete re-setting of the epi-
genetic state of DNA in the somatic cell nucleus of the donor [17].
While all of these data are based on fetuses or placentas, the
expression and methylation patterns in these tissues may not pro-
vide a full representation of the imprinting status of donor cells. In
Table 1
Primers for qRT-PCR analysis.
Genes Annealing (C) Primer sequences (50 ? 30) Size (bp) Reference/accession
H19 55 F: CTCAAACGACAAGAGATGGT 122 [15]
R: AGTGTAGTGGCTCCAGAATG
IGF2 55 F: AAGAGTGCTCTTCCGTAG 156 [15]
R: TGTCATAGCGGAAGAACTTG
NNAT 55 F: CCACACCACAGACATCCAGAC 188 DQ666422
R: TAGGCAAGGGACAGTGAGAGG
MEST 55 F: GGGCGGCATGGGATAAG 122 XM_005673159.1
R: GCGGGATGTGCAGATAGG
GAPDH 55 F: ATTCCACGGCACAGTCAAGG 120 NM_001206359.1
R: ACATACTCAGCACCAGCATCG
Table 2
Primers and PCR conditions for BSP analysis.
Genes Primer sequences (50 ? 30) Size (bp) Reference/accession
H19 DMR3 F: GGTTTTAGGGGGATATTTTTT 208 [16]
(Outer) R: TTAAAAAAACATTACTTCCATATAC
F: GATTTTTAGGTTTGTTATTATTT
(Inner) R: CAAATATTCAATAAAAAAACCC
45 cycles of 94 C 30 s, 55 C 30 , 72 C 1 min
NNAT DMR F: ATAGTAGGTGTTTAGTGGAGAG 224 [31]
(Outer) R: ATAATCACCGAATATCTACCCTAT
F: TGTGTTAGGTAGTTTGTTGGAGAGA
(Inner) R: CTCCCAAACCCTAATAAATCTTCTT
45 cycles of 94 C 30 s, 55 C 30 s, 72 C 1 min
MEST DMR F: TGGAGGAATTGTTGTGGGAGGGG 423 XM_005673159.1
(Outer) R: CAAAAATTTTTCCCTCCACTAC
F: GTGGTTGTAGTAGGAGGGGTATT
(Inner) R: CACCCCATTTAAAAACAACGACT
45 cycles of 94 C 30 s, 53 C 30 s, 72 C 1 min
Table 3
In vivo development of porcine embryos.
Recipient
sows
Donor
cell
No of transferred
embryo
No. of
fetuses
Isolated cell
(GFP+)
$12 PEF 270 12 10 (8+)
$22 PEF 200 8 8 (8+)
$18 PEF 200 0 0
$13 P-PEF 200 0 0
$7 P-PEF 210 16 14 (13+)
$14 P-PEF 215 9 8 (6+)
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can alter the genomic imprinting status of the donor, we ﬁrstly
compared gene expression and methylation patterns of the
imprinted genes H19, IGF2, NNAT and MEST between PEF and
C-PEF cells. In addition, as there is no paternal genome and disor-
dered expression of imprinted genes in P-PEF cells, we used
qRT-PCR and the BSP assay to determine if the reprogramming pro-
cess of SCNT can rescue the improper genomic imprinting in P-PEF
and CP-PEF.
2. Materials and methods
2.1. Ethics statement
All pig experiments were carried out in accordance with the
guidelines on animal care and use of animals in research, which
were approved by the Animal Care and Use Committee of Jilin
University, Changchun, China (Grant No. 20130302).
2.2. Sample collection
The protocol for SCNT has been previously described [18].
Brieﬂy, the fetuses were collected from artiﬁcially inseminated
porcine uterine horn at day 28 and digested with collagenase
and DNase I after the head, viscera, limbs and tail had been dis-
carded. The isolated PEF were cultured in DMEM supplemented
with 20% FBS. After reaching conﬂuence the PEF cells were then
frozen and were used as the donor cells for SCNT. To avoid the con-
tamination of parthenogenetic fetuses due to the incomplete enu-
cleation of SCNT, the pIRES-EGFP vector was used to construct a
stable donor GFP cell line. For SCNT, porcine ovaries were collectedfrom a local abattoir, placed in a saline solution and transported to
the laboratory within 2 h of removal. The cumulus-oocyte com-
plexes (COCs) were aspirated from the ovarian follicles, then the
selected COCs were cultured in maturation medium for 42–44 h
and mature oocytes exhibiting the ﬁrst polar body were selected
as recipients for SCNT. The single donor PEF cell was introduced
into the perivitelline space and fused electrically with 2 DC pulses
of 1.2 kV/cm for 30 ls using a BTX Electro Cell Manipulator 2001
(BTX, San Diego, CA) [19]. The embryos were cultured in PZM-3
(Porcine zygote medium-3) medium for 24 h prior to embryo
transfer [20]. The C-PEF cells were isolated from the SCNT cloned
fetus at day 28 and digested with collagenase and DNase I, follow-
ing established protocols for the collection of donor PEF cells. To
avoid parthenogenesis, GFP positive cells were used for the follow-
ing study.
The protocol for harvesting the P-PEF cells has been previously
described in detail [6,9]. Brieﬂy, mature eggs were parthenogenet-
ically electrically activated by two DC pulses of 1.2 kV/cm for 30 ls
using a BTX Electro Cell Manipulator 2001 (BTX, San Diego, CA),
then cultured in cytochalasin B for 4 h to suppress extrusion of
Fig. 1. Relative expression levels of H19, IGF2, NNAT and MEST in PEF, C-PEF, P-PEF and CP-PEF cells. The expression levels of H19 (A), IGF2 (B), NNAT (C) and MEST (D) was
analyzed by qRT-PCR. The data are represented as the mean ± S.E.M. (n = 3). All error bars represent S.E.M. n.s. (not signiﬁcant). ⁄⁄⁄(P < 0.001), ⁄⁄⁄⁄(P < 0.0001) indicate the
signiﬁcant differences.
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oviduct of a surrogate sow the following day. The PA fetuses were
collected from each uterine horn at day 28 and isolation of P-PEF
cells followed the protocol mentioned above. For CP-PEF, a single
P-PEF (GFP positive) donor cell was introduced into the periv-
itelline space and fused electrically. The fused eggs were cultured
in PZM3 medium until embryo transfer on the following day. The
fetuses were collected and digested using the same protocols as
for P-PEF cells. To avoid parthenogenesis, GFP positive cells were
used for the following study.
2.3. Gene expression analysis
Total RNA was isolated from PEF, C-PEF, P-PEF and CP-PEF cells
using the TRNzol reagent (TIANGEN, Beijing, China) according to
the manufacturer’s instructions. RNA was ﬁrst treated with
DNase I (Fermentas) and reverse transcribed to cDNA using the
BioRT cDNA ﬁrst strand synthesis kit (Bioer Technology,
Hangzhou, China). Quantitative real-time PCR was performed to
determine the expression levels of the following genes: H19,
IGF2, NNAT and MEST. The primer sequences used in this study
are listed in Table 1. Quantitative PCR was performed using the
BIO-RAD iQ5 Multicolor Real-Time PCR Detection System with
the BioEasy SYBR Green I Real Time PCR Kit (Bioer Technology,
Hangzhou, China). The PCR conditions were 95 C for 3 min, fol-
lowed by 40 cycles of denaturation at 95 C for 10 s, annealing at
55 C for 15 s, and extension at 72 C for 30 s. The 2DDCT formula
was used to determine relative gene expression, which was nor-
malized to the amount of GAPDH mRNA. All experiments were
repeated three times for each gene. All the data are expressed as
the mean ± S.E.M.
2.4. Methylation pattern of H19 DMR3, MEST DMR and NNAT DMR
The procedure for BSP has been previously described [21].
Brieﬂy, the genomic DNA of PEF, C-PEF, P-PEF and CP-PEF cellswas isolated using the TIANamp Genomic DNA Kit (TIANGEN,
Beijing, China) and treated with the CpGenome™ Turbo Bisulﬁte
Modiﬁcation Kit (Millipore) according to the manufacturer’s
instructions. Nested PCR was performed using the Taq Plus PCR
Master Mix (TIANGEN, Beijing, China) for the ampliﬁcation of the
H19 DMR3, MEST DMR and NNAT DMR. The primer sequences are
listed in Table 2. PCR products were puriﬁed and subjected to
BSP (10 positive clones) and Combined Bisulﬁte Restriction
Analysis (COBRA) which have been described previously [22,23].
2.5. Statistical analysis
All data are expressed as mean ± S.E.M., The statistical signiﬁ-
cance was determined by two-way ANOVA followed by post hoc
tests using GraphPad Prism 5.0 software. A P value < 0.05 was con-
sidered statistically signiﬁcant. The methylation status was ana-
lyzed using the online BiQ Analyzer software (http://biq-analyzer.
bioinf.mpi-inf.mpg.de/tools/MethylationDiagrams/index.php).3. Results
3.1. In vivo development of SCNT embryos
In order to study if the reprogramming process of SCNT can
alter the donor’s genomic imprinting status, SCNT was carried
out using PEF and P-PEF as nuclear donors. Considering some sam-
ples were possibly contaminated by parthenogenetic embryos due
to incomplete enucleation, stable GFP transfected cell lines were
used as the donor cells. A total of 670 C-PEF and 625 CP-PEF recon-
structed embryos were produced and transferred to six recipient
sows. At day 28 of gestation, 20 cloned PEF fetuses and 25 cloned
P-PEF fetuses were isolated from each of the two pregnant recipi-
ent sows, and used to prepare embryonic ﬁbroblasts (Table 3).
Fluorescence microscopy showed that GFP was expressed in most
of cell lines; 16/18 in C-PEF and 19/22 in CP-PEF. However, ﬁve of
Fig. 2. The methylation pattern of H19 DMR3. CpG methylation proﬁles of H19 DMR3 in PEF (A), C-PEF (B), P-PEF (C) and CP-PEF (D). The black and white circles indicate
methylated and unmethylated CpGs, respectively. The numbers indicate the proportion of methylated CpG sites relative to all counted CpG sites. Sequencing analysis of H19
DMR3 in PEF (E), C-PEF (F), P-PEF (G) and CP-PEF (H), with BstUI recognition sites shown and inverted black triangles to indicate differentially methylated cytosine residues.
For COBRA analysis, the PCR products of H19 DMR3 from PEF, C-PEF, P-PEF and CP-PEF cells were digested with the restriction enzyme BstUI. Non-digested () and digested
(+) PCR products are indicated (I). Statistical analysis (J) of methylated CpG sites of H19 DMR3 and comparisons between PEF and C-PEF, P-PEF and CP-PEF cells, respectively.
All error bars represent S.E.M. n.s. (not signiﬁcant), ⁄⁄⁄⁄(P < 0.0001) indicate the signiﬁcant differences.
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of these samples were from parthenogenetic fetuses.
3.2. Imprinted gene expression analysis of H19, IGF2, NNAT and MEST
To determine if the genomic imprinting status of the donor cells
was altered during the process of SCNT, the expression levels of the
imprinted genes H19, IGF2, NNAT and MEST were investigated in
PEF, C-PEF, P-PEF and CP-PEF cells by qRT-PCR. There was no signif-
icant difference in the gene expression of H19, IGF2, NNAT and
MEST between PEF and C-PEF samples (Fig. 1A–D). To further
determine if the reprogramming process of SCNT can rescue
improper genomic imprinting, we used P-PEF cells that have been
previously shown to have aberrant genomic imprinting in porcine
PA samples. As expected, the expression of the maternally
expressed gene, H19, was up-regulated, while the paternally
expressed genes, IGF2, NNAT and MEST, had signiﬁcantly reduced
expression in P-PEF and CP-PEF cells compared with PEF and
C-PEF cells. However, there was no signiﬁcant difference in the
expression of those imprinted genes between P-PEF and CP-PEF
(Fig. 1A–D). Taken together, our results demonstrate the faithful
expression of imprinted genes H19, IGF2, NNAT and MEST between
C-PEF vs. PEF and P-PEF vs. C-PEF. In addition, the abnormal expres-
sion of imprinted genes could not be rescued in CP-PEF cells after
SCNT reprogramming.3.3. Methylation status analysis of H19 DMR3, NNAT DMR and MEST
DMR
DMRs have been shown to play a crucial role in the regulation of
expression of imprinted genes. In the present study, to further
investigate whether the faithful expression of the imprinted genes
H19, IGF2, NNAT and MEST was associated with their respective
DMR methylation patterns, we analyzed the H19 DMR3, NNAT
DMR and MEST DMR in PEF, C-PEF, P-PEF and CP-PEF cells using
BSP and COBRA. As expected, the hemi-methylation status of the
paternally imprinted region H19 DMR3 was observed both in PEF
and C-PEF cells, whereas this region was hypomethylated in
P-PEF and CP-PEF cells (Fig. 2A–D). The PCR products were sub-
jected to COBRA and sequence analyses, which conﬁrmed our
BSP results (Fig. 2E–I). Statistical analyses also revealed that there
was no signiﬁcant difference between PEF and C-PEF, P-PEF and
CP-PEF (Fig. 2J).
In contrast, the DMRs of the maternally imprinted genes NNAT
and MEST were hypermethylated in both P-PEF and CP-PEF cells
compared with PEF and C-PEF samples (Figs. 3 and 4A–D), while
there was no signiﬁcant difference between P-PEF and CP-PEF cells,
or PEF and C-PEF cells (Figs. 3 and 4J). The COBRA and sequence
analyses conﬁrmed these results (Figs. 3 and 4E–I). In all, these
results suggested that faithful expression of the imprinted genes
H19, IGF2, NNAT and MEST was associated with the methylation
Fig. 3. The methylation pattern of NNAT DMR. CpGmethylation proﬁles of NNAT DMR in PEF (A), C-PEF (B), P-PEF (C) and CP-PEF (D) cells. The black and white circles indicate
methylated and unmethylated CpGs, respectively, while the numbers indicate the proportion of methylated CpG sites relative to all counted CpG sites. Sequencing analysis of
NNAT DMR in PEF (E), C-PEF (F), P-PEF (G) and CP-PEF (H) cells with BstUI recognition sites shown and inverted black triangles indicate differentially methylated cytosine
residues. For COBRA analysis, the PCR products of NNAT DMR from PEF, C-PEF, P-PEF and CP-PEF cells were digested with the restriction enzyme BstUI. Non-digested () and
digested (+) PCR products are indicated (I). Statistical analysis (J) of methylated CpG sites within NNAT DMR and comparisons between PEF and C-PEF, P-PEF and CP-PEF cells,
respectively. All error bars represent S.E.M. n.s. (not signiﬁcant). ⁄⁄⁄(P < 0.001), ⁄⁄⁄⁄(P < 0.0001) indicate the signiﬁcant differences.
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genes was conserved in donor cells after SCNT.
4. Discussion
In this study, we addressed the question of whether genomic
imprinting of the donor cell is conserved after SCNT by determin-
ing imprinted gene expression levels and DNA methylation pat-
terns in PEF, C-PEF, P-PEF and CP-PEF cells. These cells were
selected because previous reports suggested that the expression
of imprinted genes and methylation patterns were altered in
cloned animals. As most of these previous studies were based on
complex tissues, such as fetuses, placentas, heart or lung [17],
the expression and methylation patterns may not provide a full
representation of the imprinting status of donor cells. In addition,
to avoid sample contamination by parthenogenetic fetuses due to
incomplete enucleation [24], stable GFP positive cell lines were
constructed and used as donors for SCNT. Although microsatellite
and SNP marker loci are standard tools for genetic analysis [25],
we have used the more intuitive and simple GFP system, which
has been widely used in cell labeling studies where the expression
of GFP can be used as a marker for a particular cellular character-
istic. From our current data, it appears there was some contamina-
tion from parthenogenetic fetuses due to incomplete enucleationin the collected samples. As such, it was necessary to conﬁrm that
the cloned fetuses were from the SCNT and were not derived from
parthenogenesis in this study by using GFP labeling systems.
It has been suggested that incorrect epigenetic modiﬁcations
during SCNT and the altered expression of imprinted genes are
responsible for the low efﬁciency of SCNT in cloned pigs. The
majority of imprinted genes play key roles in regulating cellular
proliferation, and growth and development of the fetus and the
placenta. The imprinted genes of H19, IGF2, PEG3, GRB10 and
IGF2R were previously found to have signiﬁcantly differential
expression in dead cloned piglets [26]. In this study, we investi-
gated the expression of the imprinted genes H19, IGF2, NNAT and
MEST in PEF, C-PEF, P-PEF and CP-PEF cells by qRT-PCR. All of the
above imprinted genes play key roles in the development of the
fetus and the placenta, and are regulated by DMRs located in the
promoter region of each gene.
Our results demonstrate that H19 expression was signiﬁcantly
increased, and the expression of IGF2, NNAT and MEST were signif-
icantly decreased in P-PEF and CP-PEF cells compared to the PEF
and C-PEF cells, a result which is in accordance with our previous
studies [6,10]. The major conclusion from this current study is that
there is faithful expression of imprinted genes in the donor cells of
SCNT cloned pigs. A similar study has also shown the faithful
expression of three imprinted genes (PEG1/MEST, MEG1/GRB10,
Fig. 4. The methylation pattern ofMEST DMR. CpG methylation proﬁles ofMEST DMR in PEF (A), C-PEF (B), P-PEF (C) and CP-PEF (D) cells. The black and white circles indicate
methylated and unmethylated CpGs, respectively, while the numbers indicate the proportion of methylated CpG sites relative to all CpG sites counted. Sequencing analysis of
MEST DMR in PEF (E), C-PEF (F), P-PEF (G) and CP-PEF (H) cells with TaqI recognition sites shown and inverted black triangles indicate differentially methylated cytosine
residues. For COBRA analysis, the PCR products of MEST DMR from PEF, C-PEF, P-PEF and CP-PEF cells were digested with the restriction enzyme TaqI. Non-digested () and
digested (+) PCR products are indicated (I). Statistical analysis (J) of methylated CpG sites withinMEST DMR and comparisons between PEF and C-PEF, P-PEF and CP-PEF cells,
respectively. All error bars represent S.E.M. n.s. (not signiﬁcant), ⁄⁄⁄⁄(P < 0.0001) indicate the signiﬁcant differences.
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VEGFR2/FLK1, and ESX1) in cloned mice fetuses using fetal and
adult ﬁbroblast cells as donor cells, which suggests that the process
of SCNT is unable to alter the genomic imprinting of donor cells [4].In the present study, we used BSP, COBRA and sequence analy-
sis to investigate whether the faithful expression of the imprinted
genes H19, IGF2, NNAT and MEST was associated with the methyla-
tion patterns of their DMRs. Our results showed that these genes
2072 D. Wang et al. / FEBS Letters 589 (2015) 2066–2072were hemi-methylated (50%) in PEF and C-PEF; however, they
were either completely methylated or unmethylated in P-PEF
and CP-PEF by BSP and COBRA analysis. Previous reports have
observed altered methylation patterns of imprinted genes, espe-
cially the demethylation of imprinted H19, IGF2 and XIST in
mid-gestation aborted or short-lived cloned animals while not in
the healthy and full-term development cloned animals [27–29],
which demonstrated better understanding of the aberrant methy-
lation in cloned animals may provide insight into improving the
efﬁciency of SCNT and the subsequent health of cloned animals
[30]. Although we didn’t speciﬁcally distinguish between the
paternal and maternal alleles using single nucleotide polymor-
phisms (SNPs), it has been shown that the DMRs of H19, NNAT
and MEST were either fully methylated or completely unmethy-
lated in parental speciﬁc alleles [31]. P-PEF cells have been widely
used to study the expression pattern of imprinted genes, especially
for the establishment of maternal imprinting, and the impaired
developmental of PA embryos in mammals has been previously
established [8]. In this study, to determine if SCNT could rescue
aberrant genomic imprinting, we used P-PEF as donor cells for
SCNT, which have been shown to be completely unmethylated in
H19 DMR while fully methylated in NNAT DMR and MEST DMR
[6,32].
5. Conclusion
The results of the present study demonstrate the faithful
expression of the imprinted genes H19, IGF2, NNAT and MEST in
SCNT donor cells, which were associated with the methylation pat-
terns of their DMRs. Additionally, our detailed analysis of the P-PEF
cells showed that disordered genomic imprinting could not be res-
cued in CP-PEF cells after SCNT reprogramming. Therefore, we
deduced that the process of SCNT is unable to alter the genomic
imprinting of donor cells in pigs.
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